The availability of accurate and timely information on timber volume is important for supporting operational forest management. One option is to combine statistical concepts (e.g., small area estimates) with specifically designed terrestrial sampling strategies to provide estimations also on the level of administrative units such as forest districts. This may suffice for economic assessments, but still fails to provide spatially explicit information on the distribution of timber volume within these management units. This type of information, however, is needed for decision-makers to design and implement appropriate management operations. The German federal state of Rhineland-Palatinate is currently implementing an object-oriented database that will also allow the direct integration of Earth observation data products. This work analyzes the suitability of forthcoming multi-and hyperspectral satellite imaging systems for producing local distribution maps for timber volume of Norway spruce, one of the most economically important tree species. In combination with site-specific inventory data, fully processed hyperspectral data sets (HyMap) were used to simulate datasets of the forthcoming EnMAP and Sentinel-2 systems to establish adequate models for estimating timber volume
Introduction
Forests, with large storage of biomass and their function as an important terrestrial carbon dioxide sink, cover about 4 billion hectares worldwide, which is almost one third of the Earth's land surface [1] [2] [3] . Forest ecosystems also cover almost one third of the territory of Germany and provide a wide range of economic benefits and ecosystem services [4] . In post-industrial regions like Europe, the priority in forest management is sustaining multi-functional forest systems. Accordingly, the strategic objectives of the German forest policy for the coming decades are focused on developing a balance between the diverging demands on ecological, economic, and socioeconomic functions of forests and their sustainable performance [5] . These strategic objectives, in combination with national and international commitments for reporting on forest resources, are triggering an increasing demand for expanded information on forest resources [6, 7] .
In the federal state of Rhineland-Palatinate, forested areas cover more than 42% of the land and, notwithstanding the ecological, social, and cultural services they are providing, they also represent important economic value. As part of a centralized inventory action at the federal level (Bundeswaldinventur), exhaustive state forest inventories are based on a regular sampling grid and carried out at approximately 10-year intervals. In addition, information on the level of local forest districts is collected through expert assessments at 5-10 year intervals [8] . The latter is staff-intensive, time-consuming, and therefore unable to comply with short-term information demands. Furthermore, terrestrial assessments are not capable of capturing the full spatial diversity of forest attributes. Since remote sensing data products may compensate for such shortcomings [9] , the federal state of Rhineland-Palatinate has begun to explore pathways for a direct integration of Earth observation data products into an innovative object-oriented data base concept, which is currently being implemented.
Satellite observations have already qualified as an important tool for the assessment of forest resources and forest health on global scale. Applications include forest mapping [10] , forest cover change detection [11] [12] [13] , and accurate estimates of forest biomass and its dynamics, which contribute to global carbon flux analyses [14] . Remotely sensed assessment of past and present forest carbon stock is important for global carbon emissions trade and for international report duties (e.g. the Kyoto Protocol) [15] . Some studies have also focused on how remote sensing may support operational forest management and contribute to forest ecosystem research on the regional to local scale [16] [17] [18] .
On a national and regional scale, the main foci of forest resource assessment are the estimation of tree species distribution mapping, forest health, and the distribution of timber volume [19] . Studies on implementing remote sensing methods in forest inventories have already been carried out in numerous countries. Finland was the first to successfully derive operational results in the early 1990s, introducing the non-parametric k-Nearest Neighbor method (k-NN) in forestry applications [20] . Promising results were also achieved by combining remotely sensed image data and ground truth data in the National Forest Inventory of Sweden [21] , as well as for tax assessment of forest properties [22] . In Norway, maps were derived by combining data from the national forest inventory and Landsat-5 TM data [23] . McInerney and Nieuwenhuis [24] obtained good results when predicting timber volume and basal area in Ireland based on non-parametrical estimation techniques with SPOT 4 imagery and terrestrial inventory data. In Austria, satisfying agreement between estimates and terrestrial inventories was found [25] . The use of Landsat 7 ETM+ data for estimating basal area and leaf area index in a Mediterranean forest was less successful; this was attributed to more complex environmental and spectral conditions [26] . In Germany, studies based on Landsat-5 TM data in North Rhine-Westphalia produced useful maps for large areas, but the results on the level of local management units (forest stands) were not satisfactory [27, 28] . The potential for regionalizing forest inventory data was demonstrated in a study from South Germany, presenting a relatively small estimation error for the mapping of timber volume using k-NN, but moderate accuracy for the classification of six main tree species [29] . A comprehensive summary of related studies with sensors and methods used for the estimation of aboveground biomass or timber volume is given in Lu [30] and Gleason [31] .
Regular implementation of satellite-based timber volume distribution maps, however, still suffers from temporal data availability and/or data quality [27, 32] . Currently, the availability of observations depends on satellites, where low frequency revisit times, limited spatial coverage, and, in some cases, high costs are the limiting factors, particularly in areas with relatively short vegetation periods and frequent cloud cover. With respect to these limitations of current satellites, the forthcoming Sentinel-2 mission [33, 34] has the potential for a real breakthrough. Besides the spectral and spatial resolution characteristics (13 spectral bands in up to 10 m spatial resolution), its large area coverage and the increased temporal repetition rates qualify Sentinel-2 as a prime candidate for operational forest mapping. This will be particularly true when two identical systems will be operating in parallel. These operational capabilities of Sentinel-2 will be complemented by the planned hyperspectral satellite mission EnMAP, expected to be launched in early 2018. EnMAP will be equally qualified as a tool for forest resource assessment and for monitoring concepts [35] . Conceptual thoughts on the synergistic use of both earth observation systems have raised much interest: while Sentinel-2 provides a wide spatial coverage with increased observation frequencies, EnMAP might be expected to act as a spectral "magnifying glass" for detailed and more profound analyses of bio-physical canopy conditions in hot spot areas.
Against this background, this study focuses on assessing the potential of Sentinel-2 and EnMAP for spatially explicit mapping of timber volume as a key variable in sustainable forest management at stand level. The following objectives will be addressed:
1. Integration of routinely acquired forest resource assessments and spectral information for estimating the spatial distribution of timber volume in managed Norway spruce (Picea abies) forests.
Identification of sensitive wavelengths for volume estimation in intensively managed
Norway spruce forests. 3. Assessment of concepts (PLSR vs. k-NN) for producing spatially explicit maps of Norway spruce timber volume within administrative forest units. 4. Evaluation of the spectral and spatial resolution characteristics of Sentinel-2 and EnMAP for mapping Norway spruce timber volume.
Material and Methods

Study Area
The study area includes three locations (Idarwald, Gerolstein, and Daun) in Rhineland-Palatinate, Germany, with a total size of 10,868 hectares, for which hyperspectral images have been acquired. The Idarwald is part of the Hunsrück low mountain range (49°49′N, 7°10′E), while the Gerolstein (50°12′N, 6°41′E) and Daun sites (50°9′N, 6°52′E) are located in the Eifel mountains, west of the Moselle valley (Figure 1 ). The geologic setting of the Idarwald area (Devonian slate and quartzite) produced soils with limited nutrient availability, which are mostly used for forestry. The soils in Gerolstein and Daun developed on volcanic material; as a result, agricultural land use is more abundant there. The annual temperature variability at all study sites is small due to maritime influence [36] . Within the study areas, approximately 56% of the land surface is covered by forest. Although European beech is the natural vegetation, spruce forests have become dominant, due to large-scale plantation programs during the 19th and 20th centuries. Norway spruce (Picea abies) is the main species with a coverage proportion of 44.8%, followed by European beech (Fagus sylvatica) with 31.2%. Additional tree species include oak (Quercus petraea and Quercus robur) with 7.8%, Douglas fir (Pseudotsuga menziesii) with 5.3% and Scots pine (Pinus sylvestris) with 1.8% proportion. Norway spruce stands are present in all development stages and aged between 4 and 99 years. The average and maximum timber volumes amount to 283.69 m³ /ha and 586 m³ /ha, respectively. Norway spruce represents a highly important economic factor; approximately 40 percent of timber logged in Rhineland-Palatinate is Norway spruce, and the demand continues to be high.
Data
Airborne HyMap imagery
Three high-resolution airborne hyperspectral datasets were acquired with the HyMap instrument during a European airborne campaign in 2003 (Figure 1 ). One hundred twenty-eight spectral bands ranging between 450 and 2480 nanometers with bandwidths between 10 and 20 nanometers were recorded [37] . All datasets were acquired on 15 July 2003 around solar noon. The tracks are 2.5 to 4 km wide and have a length of 10-13 km. According to a sensor altitude above ground, the ground sampling distance varies between 4 and 7 meters. Illumination effects, which are due to differences in reflectance according to the view angle, were corrected with an across-track illumination correction [17] . Geometric correction to sub-pixel accuracy was accomplished with PARGE software [38, 39] . The data was projected to the local Gauss-Krüger coordinate system [17, 40] . Radiometric correction involved sensor calibration and correction of atmospheric and topographic effects with the AtCPro© radiative transfer code [41, 42] , which is based on the 5S concept [43] . A limited number of spectral bands with too low signal-to-noise-ratio (1330-1490 nm and 1770-1990 nm) were eliminated [44] .
EnMAP and Sentinel-2 Data Simulation
EnMAP is designed to acquire 242 spectral bands with two independent detector systems. The visible and near-infrared (VNIR) spectral range from 420 to 1000 nm will be covered with a mean bandwidth of 6.5 nm and the shortwave-infrared (SWIR) spectral range from 900 to 2450 nm with a bandwidth of approximately 10 nm [35] . Due to the lack of sufficient data in the spectral regions around the wavelength of 1.3 and 1.9 µm, our simulated EnMAP images consist of only 187 spectral bands. EnMAP's geometric resolution has been achieved by aggregating imaging spectrometer pixels to the size of 30 m, using a Gaussian low pass kernel to approximate EnMAP's point spread function [45] . For simulating the EnMAP spectral bands, Gaussian response functions with an equivalent feature width at half maximum (FWHM) have been used (Figure 2 ). Sentinel-2 will provide 13 spectral bands in the range between 443 and 2190 nm (Figure 2 ), covering the VNIR and SWIR spectral range with varying spatial resolution (10, 20 , and 60 m) [46] . In comparison to current operational sensors, Sentinel-2 will feature four spectral bands in the near-infrared (NIR) spectral range: three bands with a narrow width of 15-20 nm at 740 nm, 783 nm, and 865 nm and a geometric resolution of 20 m; and one spectral band at 842 nm with a bandwidth of 115 nm and 10 m geometric resolution. Furthermore, the Red Edge spectral range (705 nm) will be covered with a bandwidth of 15 nm and a geometric resolution of 20 m [33] . Our simulated Sentinel-2 images contain 12 spectral bands that were generated by convolving the continuously interpolated HyMap spectra with the Sentinel-2 spectral response functions ( Figure 2 ). All simulated Sentinel-2 bands have been generated with a pixel size of 10 meters, assuming that efficient fusion and sharpening algorithms will allow for scaling all Sentinel-2 bands to this common spatial resolution.
Timber Volume Reference Data
For publicly managed forests, stand information is available in a tabular forest information database (FID), which is part of a geo-information system developed and maintained by the state forest administration of Rhineland-Palatinate [47] . All information is related to forest management units and includes economic and ecological attributes. The information on timber volume for each management unit stems from field assessments carried out by specifically trained staff ("expert assessments") within five-to 10-year repetition cycles; only a few parameters are measured directly. The data used in this study were acquired between 1998 and 2009.
A second set of reference information was collected in 2002 based on the systematic sampling grid (spacing = 2 × 2 km) used during the Federal State Forest Inventory (FSFI), which is carried out in 10-year-intervals. A range of forest parameters is measured according to specifically designed formalized methods (e.g., "Bitterlich sampling"). Measured parameters include tree parameters (tree-type, height, age, diameter at breast-height) and the exact position of single trees within the plot. However, owing to the limited extension of our study sites, and the exclusion of inventory plots with mixed tree species, the number of available plots from the FSFI grid is limited.
Both information sources cannot be combined due to fundamental differences between the survey methods (yield-table based expert surveys vs. measurements at a systematic sampling grid), the spatial dimension of assessment units (complete management units vs. point measurements), and the time of acquisition (irregular intervals vs. regular 10-year-intervals). Yet, a comparison between both information levels provided important information for understanding the quality of the expert assessments of timber volume which are available in the forest information database. The study sites are maintained by the staff of four different forest administration offices; in total, 194 FSFI plots are available. A subset of 137 FSFI plots, which are either pure or dominated by Norway spruce, could be matched to the corresponding information from the FID. After careful inspection of aerial photographs and both data sets, 55 plots had to be excluded for different reasons: for example, management interventions (clearing or thinning) had significantly changed the stand in comparison to the time at which FID data were collected. A number of FSFI plots are located at stand borders or at the border of administrative forest units and some FSFI plots are within very heterogeneous FID units. In both cases, the data could not be linked. Finally, in some cases it was doubtful that the values of the dataset were representative for forest structure or age. The comparison of the remaining 82 sampling units exhibits a reasonably high correlation (R = 0.79), and thus confirms our expectation that the FID data provide consistent information ( Figure 3 ). With respect to the relatively small number of FSFI plots within pure Norway spruce stands, it was decided to use only reference data on timber volume from the Rhineland-Palatinate forest administration database. This data set includes 56 forest units with pure stands of Norway spruce in total, of which 25 units are located in the Eifel and 31 in the Hunsrück study site. Timber volume values are normally distributed (Shapiro-Wilk test, p < 0.05) and are considered representative for the study region.
Methods
Extraction of Spectral References
The mapping approach presented in this paper builds on establishing a set of spectral references that corresponds to the biophysical and structural characteristics of spruce stands with known timber volume. Since individual pixels may not be representative [48] , we decided to extract these reference signatures from pixel aggregates at the geometric center of homogeneous stands. While other studies [20, 49] used circular plots, in this work we chose a kernel-based sampling scheme to ensure consistency between the different spatial resolution of the simulated EnMAP and Sentinel-2 scenes. A sampling area of 900 m² was considered sufficiently large to represent the spectral characteristics of the structurally different forest canopies. Spectral references for the simulated EnMAP data were derived from a single pixel (30 × 30 m), while a 3 × 3 sampling kernel was used to extract the corresponding information from the simulated Sentinel-2 data (resampled to 10 × 10 m geometric resolution); the sampling areas were thus identical for both simulated datasets.
Reference Data and Identification of Sensitive Spectral Regions
The terrestrial inventories (FSFI) within the usable reference stands for this study had been updated within a mean time window of +/− 2 years with respect to the hyperspectral image acquisition in 2003. While the average annual growth rate of spruce (15.6 m 3 /ha) as communicated by the latest German Federal Forest Inventory [50] is not expected to substantially degrade the relationship between spectral characteristics and stand-specific timber volume, it was considered important to identify spruce stands where management interventions (thinning, harvesting) have fundamentally changed stand properties compared to the time of HyMap data collection. In addition to consulting the available management records, it was decided to conduct an analysis of the sensitivity of the wavebands to timber volume. Linear regression analysis of the relationship between simulated EnMAP and Sentinel-2 spectral reflectance measurements and stand-specific timber volume were computed. It was expected that the coefficient of determination (R 2 ) would be indicative for identifying the spectral ranges that are particularly sensitive to varying timber volume (i.e., support band selection), but would also serve to identify outliers that should be removed from the analysis (owing to fundamentally altered stand conditions). The outlier analysis was based on a multiple random sampling procedure, where for each run 75% of all data pairs served as input for a linear regression and the subsequent analysis of its residuals; a specific data-pair was flagged as an outlier if its residual value was repeatedly higher than 1.5 standard deviations in the respective sample. The reference areas identified as outliers were additionally inspected on aerial photographs, which in all cases confirmed substantially modified stand properties.
Predictive Modeling
Generating spatially explicit estimates of timber volume based on indicators of canopy properties derived from hyper-or multi-spectral data faces the fundamental challenge of constructing good predictive models. If the factors are few in number, are not significantly redundant (collinear), and have a well-understood relationship to the responses, then multiple linear regression may provide an efficient solution. However, when using spectral measurements these conditions usually are not fulfilled because the factors (spectral band responses) are numerous and typically highly collinear.
For generating spatially explicit timber volume maps, we decided to test one parametrical (Partial-Least-Squares Regression, PLSR) and one non-parametrical model (k-Nearest-Neighbors, k-NN). If the emphasis is on predicting the responses (timber volume) and not necessarily on trying to understand the underlying relationships between the spectral variables, PLSR is an appropriate choice. Developed in the 1960s by the Swedish statistician Herman Wold, PLSR has qualified as a standard tool in chemistry and engineering [51] , and has been applied in numerous spectrometric studies at the laboratory, field, and canopy scale [52] [53] [54] [55] . It is based on the assumption that the response variable is explained by only a few underlying or latent factors (PLS components) that account for most of the variation in the response. PLS regressions in the context of forestry remote sensing have recently been applied for the estimation of multiple forestry parameters [56] , or to derive aboveground biomass [57, 58] . If the number of spectral variables is limited (as is the case with a multi-spectral imaging system), PLSR loses some of its specific advantages over linear multiple regression approaches, but can still be successfully applied.
Another approach for mapping timber volume is the k-NN algorithm, a non-parametric method widely used for classification and regression. The method has been widely used in forestry applications, starting from the pioneering work done in Finland and Sweden as a support for the National Forest Inventory [59] . In all cases, the input consists of the k closest training examples in the feature space (defined by the spectral variables). The retrieved value of the object (i.e., timber volume) is derived from a linear combination of known response values from k selected data-pairs ("k nearest neighbors") in the reference database. Most widespread for selecting the training examples from the reference dataset is the Euclidean distance:
where nc is the number of auxiliary variables, or spectral bands; , is the spectral information of the image pixel with unknown response value (estimation pixel) in the j-th spectral band; and , is the spectral information of the reference-data-pair p in the j-th spectral band. The factor 2 steers the influence of the spectral variables. Weighting factors are derived for the k selected training examples, based on the distance to the estimation pixel in feature space. These can be either equally weighted, or differentially weighted by taking into consideration the higher influence of the derived distances, which increases the preference of training examples in closer distance:
, is the distance calculated in equation 1. The exponent t, t = {0,1,2}, further influences the weighting factor. For t > 0, training examples with closer distances to the estimation pixel are assigned higher weighting factors and vice versa. The sum of all weighting factors is always 1.
The response value ̂ of the estimation pixel is then calculated as a linear combination between the weighting factors ,p and response values of the k nearest training examples from the reference data:
Since the k-NN algorithm uses the k closest data points for estimation, it is able to take full advantage of local information and provide nonlinear, adaptive estimates for each data point. The k-NN algorithm can be optimized based on the following parameters: number of chosen neighbors, i.e. training examples from reference data, weighting factors for the spectral variables, and weighting factor of distances.
However, the k-NN algorithm also has some disadvantages to be considered. Besides being computationally intensive and demanding in storage when applied to large datasets, the most relevant limitation in the context of this study is its susceptibility to data dimensionality. With respect to the excessive number of spectral bands of the simulated EnMAP data, and in support of the idea of also comparing the performance of the k-NN method for simulated EnMAP-and Sentinel-2-data, a principal component transformation was applied to reduce the dimensionality of both datasets, while still retaining as much of the variance in the dataset as possible. Transformation eigenvectors were defined exclusively from the forested areas in the three HyMap images used in this study. One single set of eigenvectors was used for all images. Correlation of each principal component to timber volume was calculated.
Model Validation
The best way to measure the predictive ability of a model is obviously to test it on a set of data not used in estimation. However, due to the limited area coverage of the HyMap data available for this study, there were not enough reference plots to allow some of them to be kept back for testing. Instead, leave-one-out cross validation (loo-cv) [60] has been used to find the optimal model parameterizations. The widely used validation metric is the absolute and relative Root-Mean-Squared-Error (RMSE):
n is the number of observations (reference data pairs), , are the estimated values, and , are observed values of the i-th data-pair. For reasons of comparability, the relative RMSE ( Equation 5) is more probate with ̅̅̅ as the mean value of n observations. To keep the models simple, different information criteria like the Akaike Information Criterion (AIC), the Schwartz-Bayes Criterion (SBC), and the adjusted R² (Equations (6)- (8)) are more probate means of validation, as they give penalties on higher numbers of auxiliary variables (PLS components or spectral bands) used in the models [61, 62] .
).
is the variance of the residuals, M is the number of predictor variables used in the model, and n is the number of observations.
Model Application
In order to find the optimal number of PLS components, we calculated PLS regressions with up to 20 components and computed the accuracy measures described in the last section with loo-cv for each model. The model with the highest accuracy according to these measures was chosen for estimating timber volume.
A range of k-NN estimates of timber volume was computed with the following parameterizations: all combinations of principal components that showed a highly significant correlation (p < 0.001) to timber volume were used as spectral auxiliary data; up to 10 nearest neighbors from the reference dataset were used. Weighting factors were computed inversely proportional to the Euclidean distance. The optimal number of k was selected with the condition of a certain decrease of more than 1 percent between RMSEs derived with k and k + 1 nearest neighbors [63] . Further optimization was done by applying band weighting factors. In our case, factors between 0.25 and 2 with increment steps of 0.25 were applied. The optimal model in terms of accuracy and parsimony was chosen with the computed accuracy measures described in the previous section.
Prediction Maps
Since estimation models are only established and valid for Norway spruce, all other land cover had been masked in the image data, based on an existing classification map for five main tree species in Rhineland-Palatinate [18] . The regression coefficients of the loo-cv derived optimal models were thus applied on a pixel-by-pixel basis to the pre-stratified images. In addition to the loo-cv, the prediction maps were validated by comparing the mapping results (i.e., the average volume estimate within the administrative forest units) with the official FID information. To minimize the influence of border effects (roads, infrastructure, and other tree species), a 5-m buffer was applied along the stand perimeter [64] . The pixels containing training information were also removed for validation.
Results
Identification of Sensitive Spectral Regions
Before setting up regression models, the reference data were carefully analyzed. The relationship between the spectral response in the sensitive spectral regions and the FID-derived timber volume for Norway spruce reveals that the three stands may qualify as outliers. As an example, this is displayed for the red edge wavelength region (705 nm) in Figure 4a . Visual inspection of aerial photographs confirmed that the corresponding stands had been either cleared or substantially thinned shortly before the HyMap data were acquired; the forest database, however, had not yet been updated after this treatment. After removing these three data pairs, a set of 51 validated reference data pairs remained for further analysis. The elimination of these outliers substantially increased the coefficient of determination (R 2 ) for the relationship between stand reflectance and timber volume in almost all spectral bands; the highest R 2 values were found in the visible green, the red edge, and near-infrared spectral range (Figure 4b) . From the near-infrared plateau onwards the coefficient of determination decreased continuously, such that in the SWIR spectral region only two local maxima with comparatively low R 2 are found.
Principal Component Analysis
For the simulated EnMAP and Sentinel-2 datasets, more than 99.5% of the overall variance is explained by the first three principal components ( Figure 5 ). Five components from each dataset were found to have a high correlation with timber volume (p < 0.001); the maximum R 2 values were obtained for the first and third components of the simulated EnMAP spectra (R 
PLSR
RMSEcv, AIC, and SBC plotted against the number of PLS components exhibit the same pattern; the best model is based on three PLS-components (EnMAP: RMSEcv = 28.19 %, equivalent to 79.97 m³ /ha; Sentinel-2: RMSEcv = 26.81 %, 80.88 m³ /ha). A higher number of components leads to a more complicated model with higher estimation errors ( Figure 6 ). The Biascv is negligible for EnMAP; for Sentinel-2 a small general underestimation was obtained (Table 1 ). The PLS regression coefficients (Figure 7) confirm the results of the spectral sensitivity analysis and demonstrate that the most important wavelengths are in the red edge, the NIR, and green spectral regions. In the SWIR, the bands between 1500 and 1700 and around 2000 nm get the highest weights. The validation of the mapping product produced somewhat smaller errors than loo-cv (EnMAP: RMSE = 26.5%, equivalent to 75.11 m³ /ha; Sentinel-2: RMSE = 25.6%, 72.62 m³ /ha). For both validations (loo-cv and map product validation), the RMSE for Sentinel-2 is slightly smaller than for EnMAP (Table 1) , but not significantly. Figure 8 shows the comparison between observed and estimated timber volume for the available reference stands. Lower volume classes exhibit a marginal overestimation, while higher volume classes are underestimated. The highest scattering was observed in the volume ranges between 200 and 300 m³ /ha. The largest mean deviation between observed and estimated values was found in the timber volume class of more than 500 m³ /ha. This is true for both sensors. Sentinel-2 based predictions, however, show a smaller scattering. With respect to the spatialized FID and aerial photographs, it becomes obvious that the timber volume distribution in the image-derived maps ( Figure 9 ) is largely consistent. In addition, the imagederived maps reveal various kinds of spatial heterogeneities, such as clear-cuts, storm damage, the access road network, and thinning-dependent volume gradients. Minor mapping errors occur in shadow areas along forest borders; moderately negative predictions only occur for pixels with exceptionally high reflectance (clear-cuts). Not surprisingly, predictions based on Sentinel-2 simulated data reveal more spatial detail, owing to the improved geometric resolution (Figure 10, Figure A1 ). 
k-NN
A selection of feature combinations with the optimal number of k and resulting errors is presented in Table 2 . Acceptable results were already obtained when using the two most sensitive principal components (PC1 and PC3). Including additional PC features did not result in significantly improved results. Somewhat improved results were achieved when applying higher weighting factors for PC3. Increasing the number of neighbors reduced the output dynamic range, leading to a constant, and with increasing k higher RMSE. It was therefore decided not to increase the number of neighbors beyond three (EnMAP) or four (Sentinel-2), respectively ( Figure 11 ). This setup produced an RMSEcv of 25.7% (equivalent to 72.9 m³ /ha) for EnMAP; the best model for the simulated Sentinel-2 data had a slightly inferior performance (RMSEcv = 27.3%, 77.4 m³ /ha). In both cases, the estimates exhibit only a very small bias (Table 2 and Table 3 ).
The validation of the mapping products (i.e., obtained by averaging the estimated timber volume for each pixel included inside the management units) produced lower errors than the loo-cv (RMSE of 23.1% (equivalent to 65.5 m³ /ha) for EnMAP and 21.6% (61.3 m³ /ha) for Sentinel-2). In comparison to the PLSR results, very high timber volumes are better estimated by the k-NN approach, where estimations are less affected by saturation effects in high timber volume classes. Substantial scattering occurs in the medium volume range, especially for the EnMAP-based map (Figure 12 ). Again, the difference between the mapping results for the two simulated sensors is statistically not significant and becomes evident rather on the level of spatial detail.
Differences in forest structure and in timber volume are well represented in the prediction maps derived from the k-NN approach. While PLSR is able to extrapolate, the k-NN-derived maps by definition do not include any estimates outside the value range represented in the reference. Like the PLS mapping results, timber volume distribution maps are largely consistent with ground information, but also exhibit important within-stand spatial heterogeneities. The data range of the k-NN derived mapping product cannot exceed the data range of the training examples. This creates problems for very dark areas (e.g., shadow at borders of forest stands) and very bright areas (e.g., clear-cuts), where volumes are assigned although no timber is present (Figures A2 and A3 ).
Discussion
Sensitive Spectral Ranges
Regression analysis of the relationship between site-specific timber volume and spectral reflectance has revealed the existence of particularly strong (negative) correlations in the spectral range between 520 and 1300 nm; this relationship only breaks down within the red section of the electromagnetic spectrum (~650-680 nm), where the sensitivity to structural differences in spruce canopies is diminished, owing to the high degree of opacity within the chlorophyll absorption well [65] . A weaker, but nevertheless significant, relationship between canopy reflectance (as a proxy for stand density and, consequently, timber volume) also exists in the SWIR around 1600 nm and, though much weaker, around 2300 nm. While Ardö [66] had identified the SWIR region around 1600 nm as the most sensitive spectral range when trying to map timber volume based on Landsat-TM data in Scandinavian conifer forests, in our work the highest sensitivity occurs in the NIR region, which conforms to other studies (e.g., [67, 68] ). The maximum correlation is in fact observed along the red edge, which will of course be covered by the EnMAP hyperspectral imager, but is also observed by Sentinel-2. It is thus not surprising that the results in mapping spruce timber volume are not substantially different with respect to both systems, apart from the spatial detail.
The fact that the correlation between timber volume and spectral reflectance is consistently negative (i.e., decreases with increasing volume) suggests two points as driving factor. On the one side, (multiple) scattering effects exist inside the vegetated crowns (between and within the shoots and the branches of the vegetated crown), which affect the reflectance signal [69] . Consequently, more voluminous mature trees involving a higher number of needle-layers lead to more absorption processes and less overall canopy reflectance [70] . Furthermore, under the conditions of managed forests (as in the study region), structure-dependent shadow effects in line with development stages (establishment, qualification, dimensioning, and maturity), mainly driven by selective thinning and logging, affect the reflectance signal [67] . During establishment, young spruce trees are closely packed and tree height is quite uniform. Owing to this and to a very high degree of canopy closure, no significant shadow fraction will influence the spectral signal in this early growth stage. However, due to competitive growth dynamics, the crown layer will increase in roughness and heterogeneity and thereby produce more shaded parts. Management interventions, such as selective thinning, will create small gaps in the canopy to provide better growing conditions for the qualified trees; the higher amount of shadow, together with increasingly opaque needles, will contribute to further decreasing reflectance. In line with continued management activities (logging of mature trees), canopy closure further decreases while the amount of shaded areas increases. During the final stage of stand development and management, the proportion of shaded gaps and canopy section will saturate, such that the correlation to timber volume is expected to become insensitive ( Figure 13 ). Intensive management activities in combination with slow updating cycles of the forest information data base are a major reason for the weaker relationship between timber volume and spectral response in the dimensioning stage of development [71] . Some forest stands in this particular volume class are already thinned, presenting a higher proportion of shadow and lower reflectance values; less thinned forest stands within the same development stage but comparable timber volume present a higher spectral signal due to more canopy closure. This effect weakens the correlation between timber volume and spectral information, as already described in an earlier study [48] .
Estimation Models and Sensors
Designed for dealing with high dimensional, collinear data, PLSR has once more proven its suitability for estimating timber volume based on hyperspectral data [61] . The choice of an adequately low number of PLS components keeps the models simple and sufficiently parsimonious, and thereby avoids the problem of overfitting, which is a core requirement for maintaining sufficient generalization capacity to map timber volume over extended image datasets [51, 62, 72] . Different parameterization strategies with pre-selected spectral bands (e.g., only those with a high sensitivity to the target variable) did not result in better results; this underlines the strength of the PLSR to deal with high dimensional, collinear, and partially noisy spectral data [73] , without the necessity of applying data pre-processing and conversion steps.
In contrast to the PLSR, the non-parametric k-NN method requires certain data pre-processing strategies prior to the analysis. Principal component analysis has been employed as a probate means for reducing the data volume and eliminating redundant information [74] . The results concerning the model parameterization are consistent with other studies, which showed that including too many (partially correlated) information layers may even lead to inferior results [75] . It could thus also be confirmed in this study that overly complicated models with a high number of predictor variables were less efficient and did not provide significantly better estimations. Taking only the loo-cv based RMSE or the bias for a larger area into consideration, the resulting optimal number of nearest neighbors may be quite high. Generally, the full range of reference data can only be covered with k = 1, and the data range in the map result will decrease with a higher number of k. Moreover, too high values of k lead to a leverage effect in low and high ranges of timber volume, where estimations are assigned a value closer to the mean of the reference data [24] . However, it is difficult to generalize these findings as k-NN may be expected to improve when applied over larger areas with a higher number of reference samples (which might also favor using a higher number of neighbors). In consequence, especially for higher numbers of k, a large and continuous reference database is essential in order to nearly get the full data range in the output. Regarding the limited number of training examples in our study area, this number should be adapted to the number of training examples in the reference dataset.
Prediction Maps
With respect to the requirements of operational forest management activities, the achieved mapping results are considered acceptable. Their accuracy is within the range of terrestrial inventories on stand level. Severe deviations between both methods as well as both sensors have not been identified. A comparison of the prediction maps indicates that most differences are less than +/− 100 m³ /ha. The data ranges presented in the maps are different between the two methods. A property of the PLSR is extrapolation, which might be advantageous in the case of larger gaps in training examples. One drawback is the possibility of timber volume estimations beyond the reference data's range. However, the occurrence of such cases is limited because the stratification ensures that the models are applied to Norway spruce only. In contrast, k-NN based estimation values by definition stay in the range of the reference data [76] , but the model precision may be weaker in the case of larger gaps in the training examples, especially if the number of k is small. Substantial differences between the PLSR and k-NN maps only occur in those areas where the PLSR-based estimations are extrapolated beyond the reference data range. This can be seen for pixels with high reflectance values, e.g. clear cut areas, sunlit road network, or even parts of recently established young Norway spruce stands, while high overestimation occurs for areas with a very low reflectance, like aggregations of pixels with a high proportion of shadow.
The very high spectral resolution of EnMAP did not result in significantly better prediction maps, while EnMAP's 30 × 30 m² pixel size is less capable of capturing small spatial structures and associated differences in timber volume.
Because the Sentinel-2 spectral reference information has been sampled in a 3 × 3 kernel, it may be advisable to apply a corresponding low pass filter before calculating the prediction map. Border effects, which preferentially occur near forest unit boundaries or infrastructure, leading to very high or very low estimation values, can be minimized by applying larger buffers around the forest units [64] .
Forest Reference Information
Feasibility studies such as the one we present here require sufficiently reliable reference information. This is problematic because appropriate data on timber volumes are either collected over small plots in the context of large comprehensive statistical sampling frames such as the FSFI (which may limit the availability of data due to the spatial coverage of experimental airborne data), or they represent expert assessments for complete stands or management units, made available through the continuously updated Forest Inventory Database (FID). The latter may increase the number of reference data, but are usually considered less precise. However, a comparison between corresponding locations (where both types of inventory information were available) suggests that the FID is consistent with the corresponding FSFI plot measurements (Figure 3) . It was thus justifiable to base this study on the FID data, which provided sufficient reference data.
It was confirmed that the FID-derived inventory information can in principle be combined with remote sensing imagery to produce useful timber volume distribution maps for Norway spruce. However, it should be considered that in our study area the majority of forest units (85.25%) had been inventoried within two years before or after image acquisition. In less favorable cases, it may occur that the inventory data are substantially outdated, owing to the relatively slow updating cycles of five to 10 years.
In addition, because FID volume values are not measured but estimated in the field and updated based on yield tables, due to substantially changed growth conditions (i.e., increased nutrient deposition and climate change effects [77, 78] ) they tend to underestimate today's stronger forest growth. Additional variability may be introduced because of the individual perceptions of the inventory specialists carrying out the surveys.
Conclusions
To some extent unexpectedly (as earlier research on coniferous trees had emphasized the importance of the SWIR spectral range), our work has revealed that the NIR spectral bands, particularly those along the red edge, were most sensitive to the structural characteristics of Norway spruce stands. The fact that Sentinel-2 also provides good coverage of this spectral range is obviously one of the major reasons why both systems demonstrated almost identical timber volume mapping capacities, independently of the total number of bands.
The achieved mapping accuracies (RMSE < 80 m³ /ha) appear moderate, but are nevertheless considered acceptable for planning and supporting the implementation of management interventions. In comparison, FSFI data are not useful on the local level (due to the data acquisition method and a small number of training examples), and the FID holds information that is based on expert assessments instead of systematic measurements, usually up-to-date within a time span of 5-10 years only. It is difficult to provide an unbiased characterization of their accuracy; based on the comparison between timber volume information from the FSFI (Bitterlich sampling at plot level) and FID (stand-wise expert assessment), it appears that an error in the range of 90 m³ /ha is inherent to the field data collection methods. In comparison to this finding, it is concluded that the accuracy of the image-derived maps is acceptable, especially because these mapping results can be provided at high spatial detail and over extended areas.
The differences in estimation and mapping accuracies provided by PLSR and k-NN are negligible and do not suggest that one of the methods is truly superior to the other. PLSR has the substantial advantage that it will not require any pre-selection of spectral bands and is more robust towards data gaps, while efficient data reduction is important before applying the k-NN approach. Additionally, the number of k should be carefully chosen by considering the number of training examples and possible gaps this data. However, the fact that k-NN does not extrapolate and thus does not lead to negative or excessively high estimates can be seen as an advantage when the training data comprise the full data range of the study area. In this study, k-NN seems to have an advantage in dealing with saturation effects at high volume levels while PLSR shows some saturation effects. Moreover, it is expected to develop its full strength (i.e., adaptive capacity) when larger areas with more reference data can be processed. Regardless of the chosen approach, it is evident that the intermediate volume range (i.e., 200-350 m³ ) is affected by larger estimation errors than low and high values of timber volume. This is due to the fact that management interventions with a strong impact on canopy reflectance properties (i.e., selective thinning operations) are conducted with varying intensity and across a relatively large period of stand development, which will increase the spectral variability of stands with similar timber volumes.
Owing to its improved spatial resolution, larger area coverage, and the more frequent acquisition opportunities, we expect that Sentinel-2 might be to some extent preferred for producing timber volume maps in areas with small-structured management units. However, the compatibility between timber volume maps produced by EnMAP and Sentinel-2 largely facilitates an integration of both products without the need to develop individual processing concepts. Due to its hyperspectral coverage, EnMAP is expected to contribute complementary information on the biophysical condition of Norway spruce, such as indicators of increasing drought stress and insect calamities (e.g., bark beetle attacks) [79] , which are expected to increase because of regional warming trends [80, 81] . Since both information levels are important for optimizing economically viable and ecologically balanced management strategies, we expect that Sentinel-2 and EnMAP, once both are operational, can be used in synergy. 
